Solute clustering in supersaturated solutions by Lumba, Deepak
Retrospective Theses and Dissertations Iowa State University Capstones, Theses andDissertations
1992
Solute clustering in supersaturated solutions
Deepak Lumba
Iowa State University
Follow this and additional works at: https://lib.dr.iastate.edu/rtd
Part of the Chemical Engineering Commons
This Dissertation is brought to you for free and open access by the Iowa State University Capstones, Theses and Dissertations at Iowa State University
Digital Repository. It has been accepted for inclusion in Retrospective Theses and Dissertations by an authorized administrator of Iowa State University
Digital Repository. For more information, please contact digirep@iastate.edu.
Recommended Citation
Lumba, Deepak, "Solute clustering in supersaturated solutions " (1992). Retrospective Theses and Dissertations. 9848.
https://lib.dr.iastate.edu/rtd/9848
MICROFILMED 1992 
INFORMATION TO USERS 
This manuscript has been reproduced from the microfîhn master. UMI 
films the text directly from the original or copy submitted. Thus, some 
thesis and dissertation copies are in typewriter face, while others may 
be from any type of computer printer. 
The quality of this reproduction is dependent upon the quality of the 
copy submitted. Broken or indistinct print, colored or poor quality 
illustrations and photographs, print bleedthrough, substandard margins, 
and improper alignment can adversely affect reproduction. 
In the unlikely event that the author did not send UMI a complete 
manuscript and there are missing pages, these will be noted. Also, if 
unauthorized copyright material had to be removed, a note will indicate 
the deletion. 
Oversize materials (e.g., maps, drawings, charts) are reproduced by 
sectioning the original, beginning at the upper left-hand comer and 
continuing from left to right in equal sections with small overlaps. Each 
original is also photographed in one exposure and is included in 
reduced form at the back of the book. 
Photographs included in the original manuscript have been reproduced 
xerographically in this copy. Higher quality 6" x 9" black and white 
photographic prints are available for any photographs or illustrations 
appearing in this copy for an additional charge. Contact UMI directly 
to order. 
University Microfilms International 
A Bell & Howell Information Company 
300 North Zeeb Road. Ann Arbor, Ml 48106-1346 USA 
313/761-4700 800/521-0600 

Order Number 9223944 
Solute clustering in supersaturated solutions 
Lumba, Deepak, Ph.D. 
Iowa State University, 1992 
U M I  
300N.ZeebRd. 
Ann Aitor, MI 48106 

Solute clustering in supersaturated solutions 
by 
Deepak Lumba 
A Dissertation Submitted to the 
Graduate Faculty in Partial Fulfillment of the 
Requirements for the Degree of 
DOCTOR OF PHILOSOPHY 
Major: Chemical Engineering 
Approved: 
In Charge of Major Work 
For tW/Graduate College 
Iowa State University 
Ames, Iowa 
1992 
Signature was redacted for privacy.
Signature was redacted for privacy.
11 
TABLE OF CONTENTS 
CHAPTER 1. INTRODUCTION 1 
CHAPTER 2. LITERATURE REVIEW 5 
Crystallization from Solution 5 
Nucleation 6 
Crystal Growth 7 
Solute Clustering in Solution 8 
Concentration Gradient Studies 12 
Raman Spectroscopy Studies 18 
Diffusion Studies 20 
Other Studies 21 
Solubility of Ammonium Paramolybdate 22 
CHAPTER 3. RESEARCH OBJECTIVES 25 
CHAPTER 4. EXPERIMENTAL PROCEDURE 28 
Preparation of Aqueous Solutions 29 
Ammonium Paramolybdate Solutions 29 
Other Solutions 30 
Laser Raman Spectroscopy Experiments 30 
Concentration Gradient Experiments 31 
Ill 
Light Scattering Experiments 32 
CHAPTER 5. RESULTS 36 
Light Scattering in Concentrated and Supersaturated Solutions 36 
Summary 43 
Solute Clustering in Solutions of Ammonium Paramolybdate 46 
Laser Raman Spectroscopy Experiments 47 
Concentration Gradient Experiments 58 
Light Scattering Experiments 63 
Analysis of Results 68 
A Clustering Model 72 
CHAPTER 6. CONCLUSIONS 78 
CHAPTER 7. RECOMMENDATIONS FOR FUTURE WORK . . 80 
BIBLIOGRAPHY 81 
ACKNOWLEDGEMENTS 87 
APPENDIX THEORY OF LIGHT SCATTERING 88 
iv 
LIST OF FIGURES 
Figure 2.1: Free energy diagram for homogeneous nucleation ....... 10 
Figure 2.2: Free energy diagram for cluster and nuclei formation 15 
Figure 2.3: Effect of supersaturation on cluster formation (Larson and 
Garside [32]) 16 
Figure 2.4; Structure of paramolybdate ion [28] 24 
Figure 4.1: Set-up for light scattering experiments 35 
Figure 5.1: Intensity of scattered light as a function of the degree of un­
dercooling for ammonium paramolybdate solutions 38 
Figure 5.2: Intensity of scattered light as a function of temperature for 
ammonium paramolybdate solution and water 39 
Figure 5.3: Intensity of scattered light as a function of the degree of un­
dercooling for citric acid solutions 41 
Figure 5.4: Intensity of scattered light as a function of the degree of un­
dercooling for magnesium sulfate solutions 42 
Figure 5.5: Intensity of scattered light as a function of the degree of un­
dercooling for sodium nitrate solutions 44 
V 
Figure 5.6: Intensity of scattered light as a function of the degree of un­
dercooling for potash alum solutions . 45 
Figure 5.7: Raman spectrum of crystalline ammonium paramolybdate . . 48 
Figure 5.8: Raman spectra of precipitate and crystalline ammonium para­
molybdate 50 
Figure 5.9: Raman spectra of precipitate and crystalline ammonium para­
molybdate 5l 
Figure 5.10: X-ray diffraction pattern of precipitate 52 
Figure 5.11: Raman spectra of molybdate solution and precipitate .... 53 
Figure 5.12: Raman spectra of molybdate solution and precipitate .... 54 
Figure 5.13: Effect of pH on ammonium paramolybdate solutions 56 
Figure 5.14: Raman spectra of ammonium paramolybdate salt and solution 57 
Figure 5.15: Density and concentration differences as a function of the de­
gree of undercooling 59 
Figure 5.16: Number of molecules in a cluster as a function of the degree 
of undercooling 61 
Figure 5.17: Cluster-size as a function of the degree of undercooling ... 62 
Figure 5.18: Effect of concentration on light scattering in ammonium para­
molybdate solutions 64 
Figure 5.19: Effect of saturation temperature on light scattering in ammo­
nium paramolybdate solutions 66 
Figure 5.20: Zimm plot to estimate size of solute clusters 67 
1 
CHAPTER 1. INTRODUCTION 
In both the production of crystals from supersaturated solutions as well as the 
deposition of catalytically active materials, the physical state of the solute in solution 
is closely related to the kinetics of phase change as well as to the structure and 
morphology of the solid phase produced. 
Several unexplained phenomena contribute significantly to the purity, habit, 
structure, and size distribution of crystals produced from solution whether super-
saturation is created by evaporation, cooling, or solventing out. Most significant 
from a processing point of view are crystal growth dispersion and secondary nucle-
ation. In examining these phenomena, it is clear that the state of the solute in the 
solution bears heavily on the phenomenon of phase change, and to better understand 
phase change, it is necessary to know how the solute exists in solution. 
The structure of supersaturated solutions has been largely ignored in the develop­
ment of models representing the kinetics of crystal nucleation and growth. Although 
the classical theory of homogeneous nucleation assumes the presence of solute 'clus­
ters' or 'embryos' in supersaturated solutions prior to nucleation, it has usually been 
assumed that these clusters are highly transient in nature with a very short life. At 
the same time, most crystal growth models assume that molecular diffusion (and not 
cluster diffusion) is responsible for the movement of the solute to the surface of a 
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growing crystal. 
The often observed phenomenon of massive instantaneous nucleation in super­
saturated solutions upon the onset of agitation suggests some sort of 'ordering' or 
'clustering' in supersaturated solutions. There has been no real satisfactory expla­
nation of this phenomenon. However, if it is assumed that a supersaturated solution 
contains a population of metastable clusters of size less than the critical nucleus size, 
then it is reasonable to expect that the shear planes introduced by agitating the solu­
tion will increase the probability of clusters contacting other clusters and coalescing 
to form clusters of critical size. Solutions with high supersaturation would contain 
large clusters, making such solutions more subject to nucleation upon agitation. 
In unpublished experiments conducted at the University of Manchester [30], an 
isothermal column of citric acid was held for over two weeks at a temperature fif­
teen degrees below the saturation temperature. No crystallization occurred. During 
sampling of the solution with a hypodermic needle, a bubble was inadvertently intro­
duced into the bottom of the column. As the bubble rose, a column of crystals the 
size of a pencil lead was formed in its wake. Clearly, an extensive 'solute-structure' 
already existed in the solution, resulting in this phenomenon. 
In 1969, Kamskii [27] reported that the transmission of light through supersat­
urated solutions increased continuously just before large-scale nucleation occurred. 
This suggested to him the presence of a micro-heterogeneous structure in these solu­
tions. 
At about the same time, Mullin and Leci [36] observed concentration gradients 
in isothermal columns of supersaturated citric acid solutions. Recent studies [33, 43] 
have confirmed these observations for other systems and have attributed this effect 
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to the occurrence of solute clustering in these solutions. The size of these clusters 
can be estimated using the expression developed by Larson and Garside [33]. 
Laser Raman spectroscopy has also been used to study the structure of various 
solutions [4, 5, 25, 35, 45]. These studies have presented evidence of clustering in 
undersaturated, saturated, and supersaturated solutions. However, this technique is 
not capable of detecting the size of these clusters. 
Myerson and his co-workers [7, 8, 9, 10, 38, 50] have examined a number of solu­
tions, both electrolytes and non electrolytes, and have observed that in the supersat­
urated region, diffusion coefficients decreased drastically with concentration. They 
also examined the effects of concentration on viscosity and observed that viscosity 
increased sharply with concentration in the supersaturated region. They postulated 
that this behavior is the result of molecular clustering in these solutions. 
The above studies have shown evidence of molecular cluster formation in super­
saturated solutions. Further studies are needed to characterize the nature of cluster 
formation in solutions and to understand the effects of concentration, pH, and impu­
rities on the degree of clustering and the size of the clusters. This knowledge would 
contribute to a better understanding of nucleation and growth from solution as well as 
contribute to the understanding of the effect of solution conditions on the properties 
of the crystallizing species. This would also be highly relevant to catalyst synthesis 
and design, as the structure of active catalysts and hence their activity can potentially 
be related to clusters in supersaturated solutions used in their preparation. 
In the present work, the phenomenon of solute clustering in aqueous solutions 
of ammonium paramolybdate has been investigated and the effects of concentration, 
pH, temperature, and supersaturation on the degree of clustering and the size of 
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the clusters have been examined. A model explaining the state of the solute in 
concentrated and supersaturated solutions is proposed. 
The experimental techniques in this work include concentration gradient studies, 
laser Raman spectroscopy, and multi-angle light scattering. 
Multi-angle light scattering is a classical analytical technique for determining 
molecular weights and sizes. Although light scattering has been used extensively in 
particle size analysis in dilute systems and thin suspensions, it has seldom been used 
to investigate the phenomenon of solute clustering in concentrated and supersatu­
rated solutions. As part of this project, a light scattering work station was assembled 
and techniques have been developed to conduct in situ experiments to study solute 
clustering in concentrated and supersaturated solutions. It has been demonstrated 
that light scattering is an excellent technique to investigate the phenomenon of clus­
tering in solutions. 
Apart from examining ammonium paramolybdate solutions, the scattering of 
light in aqueous solutions of citric acid, magnesium sulfate, aluminum potassium 
sulfate (potash alum), and sodium nitrate has also been studied and gravity column 
experiments using magnesium sulfate and citric acid solutions have been conducted. 
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CHAPTER 2. LITERATURE REVIEW 
This chapter consists of three sections. The first section discusses crystallization 
from solution and considers briefly the different models describing nucleation and 
growth. The second section of this chapter discusses solute clustering in solutions 
and reviews the recent studies done in this field. The final section of the chapter 
discusses the solubility of ammonium paramolybdate in water. 
Crystallization from Solution 
Crystallization from solution can be defined as the formation or deposition of 
the solute in its crystalline form from its mother liquor. Crystals are formed from the 
mother liquor when the chemical potential of the solid phase is less than that of the 
dissolved solid. This difference in chemical potential is the driving force for crystal­
lization. In practice, however, the level of supersaturation^ is used to represent the 
driving force. Once a solution is supersaturated (a supersaturated state is essential 
for crystallization to occur), crystallization can occur either by the formation of new 
nuclei (nucleation) or by the growth of crystals already present (crystal growth). 
Supersaturation in a solution can be achieved in one of the following ways: 
evaporation of a saturated solution, cooling of a saturated solution, addition of a 
supersaturated solution is one which contains more dissolved solute than its 
saturation concentration. 
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miscible non-solvent, or chemical reaction producing an insoluble product. 
The level of supersaturation in a solution can be described as: concentration 
difference = C — C's, relative saturation (S) = GjCsi relative supersaturation (A) 
= (C — Cs)ICs, and undercooling = T — Ts, where C = solution concentration, 
Cs = saturation concentration, T = solution temperature, and Ts = saturation 
temperature. 
Nucleation 
Nucleation is the process of formation of nuclei which can eventually grow to 
form large crystals. Nucleation can be divided into two categories: 
1. Primary nucleation: this occurs in the absence of any solute crystals. Pri­
mary nucleation can be classified into: 
• Homogeneous nucleation: occurs spontaneously from a clear solution in 
the absence of any foreign particles. 
• Heterogeneous nucleation: is catalyzed by the presence of foreign surfaces 
- due to the presence of dirt, dust, crystallizer walls, heat exchanger equip­
ment, and other solid substrates. 
2. Secondary nucleation: occurs due to the presence of solute crystals in the so­
lution. Secondary nucleation is a low supersaturation phenomena as compared 
to primary nucleation. 
There are a number of mechanisms by which secondary nuclei can be produced. 
These are'. 
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• initial breeding: seeding phenomena caused by crystalline "dust" or par­
ticles which have been washed off the surface of the seed crystals. 
• needle breeding; breakage phenomena caused by the breakage of needle-
or dendrite-like crystals. 
• poly crystalline breeding: occurs when agglomerated particles break up 
into smaller particles. 
• contact nucleation or collision breeding: in this case, small particles form 
as a result of contact(collision) of large crystals with other crystals and 
other surfaces such as the walls of the crystallizer or heat exchanger sur­
faces. 
• fluid-shear nucleation: under certain conditions fluid flow across a growing 
crystal can cause nucleation. 
Crystal Growth 
Crystal growth in solutions can be regarded as a three-step process. These steps 
are: 
1. Transport of the solute from the bulk solution to the crystal interface. The 
. solute species being transported may be in the form of ions, molecules, or 
clusters. 
2. Adsorption of the solute on the crystal surface in some form. 
3. Integration of the solute into the crystal lattice. 
There are three major types of surface growth models: 
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1. Two-dimensional nucleation models: these models consider two-dimensional nu­
clei as the growth units and predict that growth rate is related to e^, where S 
is the relative saturation. 
2. Dislocation models: Burton-Carbera-Frank (BCF) models view all surfaces as 
imperfect, i.e., containing dislocations due to lattice mismatches of one sort or 
another; these dislocations provide edge or kink sites where growth can occur. 
These  mode l s  p red ic t  g rowth  r a t e  to  be  re la t ed  to  S^~^ .  
3. Wilson-Frenkel growth: this model considers the crystal surface to be atomi-
cally rough and, thus, the solute attaches readily anywhere on the surface. This 
model predicts growth rate as a linear function of supersaturation. 
Almost all the growth models ignore the nature of the solute species in solution; 
they model growth either as molecular diffusion to the surface and monomolecular 
integration into the crystal structure or by utilizing undefined building blocks which 
can be regarded as molecules or clusters. 
Solute Clustering in Solution 
The classical theory of homogeneous nucleation states that, in a supersaturated 
solution, a series of biomolecular reactions give rise to ordered 'clusters' or 'embryos'. 
These clusters (aggregates of individual molecules) are continuously forming and 
dispersing. Clusters which attain a critical size do not disperse but continue to grow 
spontaneously resulting in the formation of crystal nuclei. This process is described by 
the following thermodynamic analysis, first presented by Gibbs [22] for the formation 
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of liquid droplets during condensation, and subsequently used to model homogeneous 
nucleation from solution. 
The Gibbs free energy change associated with the formation of clusters (AG) is 
made up of a surface term (AGg) and a volume term (AGv). Thus, 
AG = AGv + AGs (2.1) 
For a spherical cluster of radius r, 
AG = ^7rr®AGv + 4iT:r^cr (2.2) 
where AGy = free energy change per unit volume, and a = surface tension per unit 
area. 
The different terms in equation 2.2 are shown in Figure 2.1 as a function of 
cluster size. AG exhibits a maximum at the critical size Growth of clusters larger 
than this critical size results in a decrease in the Gibbs free energy; such clusters 
thus grow spontaneously and are regarded as nuclei, while clusters smaller than 
are presumed to disperse. The Gibbs free energy at r = Tc, AG*, is the activation 





The occurrence of refractive index and density gradients in supersaturated solu­
tions of sucrose was first briefly reported by TikhomirofF [51] and as a result of these 
observations he proposed the existence of "proto-nuclei" in these solutions. It was 
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SIZE OF NUCLEUS (r) 
Figure 2.1: Free energy diagram for homogenous nucleation 
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proposed that these proto-nuclei are aggregates of sucrose and water molecules and 
that it is these aggregates which eventually lead to the formation of crystal nuclei in 
supersaturated solutions. 
Schliephake [46], on the basis of viscosity and partial molar volume measure­
ments, discussed the structure of sucrose-water aggregates in supersaturated solutions 
and observed that as the concentration of sucrose increased, the size of the aggregates 
also increased. However, in very concentrated solutions, the sucrose-water aggre­
gates were affectively dehydrated and probably formed the 'proto-nuclei' described 
by TikhomirofF. 
Mullin and Led [36] observed that concentration gradients developed in isother­
mal columns of supersaturated aqueous solutions of citric acid when left to stand for 
a few days. They found that unsaturated solutions did not develop any gradients 
under the influence of gravity. It was suggested that the gradients developed in su­
persaturated solutions because of the settling of closely packed citric acid clusters 
which presumably had a density close to that of the solid phase. 
At about the same time, Kamskii [27] pointed out that solution properties such 
as viscosity, density, refractive index, and electrical conductivity did not give any 
evidence of cluster formation. However, he reported that the transmission of light 
through supersaturated solutions increased continuously just before the onset of large-
scale crystallization. This suggested to him the presence of a micro-heterogeneous 
structure in these solutions. 
Since these early studies, which show evidence of some sort of 'ordering' in su­
persaturated solutions, much work has been done to more clearly characterize super­
saturated solutions. The recent studies can be classified into the following categories 
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and are reviewed in more detail: 
• Concentration gradient studies. 
• Raman spectroscopy studies. 
• Diffusion studies. 
• Other studies. 
Concentration Gradient Studies 
Larson and Garside [33] conducted experiments similar to Mullin and Leci [36] 
and observed that aqueous supersaturated solutions of citric acid, urea, sodium ni­
trate, potassium nitrate, and potassium sulfate developed concentration gradients 
when allowed to sit in vertical columns for 24 hours. They explained the concentra­
tion gradients in terms of molecular clusters and developed an expression to calculate 
the number of molecules in each cluster. 
They assumed that a supersaturated solution consists of three species: molecular 
solute, solvent, and solute clusters. Although a supersaturated solution is met astable, 
if left undisturbed for a long time, it will come to a steady state as long as no phase 
change occurs. 
Since the partial molar free energy for each component must be uniform through­
out the column, the free energy change dGc for the clusters must be zero for a differ­
ential element in the column; i.e., 
dGc = = 0 
0 h> u ir o ïCg 
where 
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h = height of the column 
P = local pressure in the column 
Xc = cluster mole-fraction 
Making the following substitutions; 
gives 
6Gc „ 6Gc SGc RT ,  J, 
—— = -yMg, — = yv, -J— = , dP = pgdH 
oh or oxc Xc 
(2.3) 
where 
y = number of molecules in a cluster 
V = specific volume of the clusters 
T = temperature (K) 
p = solution density 
M = molecular weight of the solute 
Equation 2.3 was used by Allen et al. [1] to interpret concentration gradients which 
developed in supersaturated sucrose solutions. They suggested that the gradients, 
which were a function of supersaturation and pH, resulted from the formation of 
hydrated sugar clusters having a density less than that of the bulk solution. 
Integrating Equation 2.3 over a column of height H gives 
XCT -tij-
where xcb and xct are cluster concentrations at the bottom and top of the column 
respectively. 
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If it is also assumed that all the solute in excess of saturation exists as clusters 
(containing y molecules) then 
X — xs Xc = 
y 
and 
,  XCB 1 (® — XS)B In = In 
XCT \X — Xs)T 
Substituting in Equation 2.4 gives 
They reported clusters between 4-10 nm in size containing (of the order of) 10^ 
molecules. 
In a later study, Larson and Garside [32] showed that if the effect of surface 
curvature on surface tension is included in the theory of homogeneous nucleation, then 
under certain conditions, cluster formation would result in a decrease in the Gibbs free 
energy. This cluster formation is thus a spontaneous event and a quasi-equilibrium 
concentration of clusters of a narrow size range may then exist in supersaturated 
solutions. 
The curve 'a' in Figure 2.2 shows the free energy change as predicted by the 
classical theory of homogeneous nucleation. Curve 'b' assumes the dependence of 
surface tension on curvature and shows the presence of a minimum free energy at a 
cluster size less than the critical size. 
. The free energy curves for different levels of supersaturation are shown in Figure 
2.3. The curves 1, 2, and 3 are shown in order of increasing supersaturation. It 
is apparent that as the system becames more supersaturated the size of the critical 
nuclei decreases while the relative size of the clusters increases. 
16 




Figure 2.2: Free energy diagram for cluster and nuclei formation 
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Cluster size.r Inml 
Figure 2.3: Effect of supersaturation on cluster formation (Larson and Garside 
17 
This quasi-equilibrium concentration of clusters of narrow size range (1-10 nm) 
is expected to play an important role in crystal growth. It would be expected that 
these are the species that diffuse to the surface of a growing crystal and upon their 
arrival at the surface they would queue up to form a substantial boundary layer. 
This boundary layer would also be a major source of secondary nuclei produced by 
crystal-crystal and crystal-apparatus contact. 
Rusli et al. [43,44] studied concentration gradients in supersaturated solutions of 
sodium nitrate, sodium sulfate, and potassium sulfate. They observed concentration 
gradients to exist only in supersaturated solutions and that these gradients did not 
vary significantly with supersaturation. 
In a recent study, Veverka et al. [53] used non-equilibrium thermodynamics to 
predict the development of concentration gradients in stagnant supersaturated solu­
tions. They concluded that as long as the partial specific volumes of the solute and 
the solvent are different, concentration gradients will develop in supersaturated solu­
tions whether clustering occurs or not and although the concept of cluster formation 
in supersaturated solutions is plausible, thermodynamics does not give any direct or 
indirect proof of its occurrence. However, it appears [31] that gradients forming in 
the absence of clustering could only be detected if the solute species was very large 
and with a density greatly different from that of the solution. It would seem that in 
columns of heights acceptable for use in laboratories such gradients could be detected 
only if large clusters formed in the solutions. 
Concentration gradient experiments have provided evidence for the occurrence 
of solute clustering in supersaturated solutions, though gradients have never been 
observed in undersaturated or saturated solutions. Following the method of Larson 
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and Garside [33], cluster-sizes can be estimated. 
Raman Spectroscopy Studies 
In 1982, Frost and James [18] studied the symmetric stretching profile band in 
the Raman spectra of aqueous solutions of sodium nitrate as a function of concen­
tration. Based on Fourier transformations, they were able to identify three main 
components in the band with a fourth component appearing in the most concen­
trated solutions. On the basis of concentration dependence and band shape, they 
assigned these components to free aquated ions, solvent-separated ion pairs, contact 
ion pairs, and ion aggregates or clusters. It was observed that while the intensity 
of the bands due to contact-ion pairs and ion aggregates increased with concentra­
tion, the intensity due to free aquated ions and solvent-separated ions decreased with 
concentration. 
Hussman et al. [25] used micro Raman spectroscopy to perform in situ structure 
analyses of supersaturated aqueous sodium nitrate solutions near a growing crystal. 
They observed that significant solute association occurred even in undersaturated 
solutions and this association increased as the concentration approached saturation. 
At concentrations above saturation, the position of the spectral band moved back 
towards the lower wavenumbers, suggesting a definite change in the solution structure 
at saturation. 
McMahon et al. [35] studied the effect of impurity additions to aqueous solutions 
of potassium nitrate. A reduction in higher-ordered species was observed when 200 
ppm of Cr®"'" ions were added to the solution. They concluded that this change in 
the equilibrium concentration of the higher-ordered species would in turn affect the 
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nucleation and growth rates in the solution. 
Cerreta and Berglund [4, 5] studied supersaturated solutions of dihydrogen phos­
phates and orthophosphates. From the analysis of the Raman spectra they concluded 
that these solutions contained solute monomers and polymers of varying size and that 
there was no evidence of quasi-crystalline entities in the solutions. 
Subsequent work by Rusli and co-workers [34, 45] confirmed that clustering oc­
curs in undersaturated, saturated, and supersaturated solutions of sodium nitrate. 
They characterized clustering into two groups of solute-solvent associations: the 
higher-ordered species of clusters and the lower-ordered species of clusters. They 
concluded that, in a solution, the solute clusters (consisting of solute and solvent 
molecules) remain solvated to some degree and that they do not have any crystalline 
structure. As the solution becames supersaturated, some of the solute clusters coa­
lesce into larger clusters with consequent dilution of other clusters and lower-ordered 
species. Their results seemed to indicate that the mechanisms governing crystalliza­
tion from solutions are associated with the coalescence of solvated solute clusters 
and/or changes in their properties and structures. 
On comparison of the spectra of the saturated solution, the melt phase, and the 
solid phase, they observed that the solution structure resembled the melt phase and 
that neither of these phases resembled the crystalline phase. 
The Raman studies discussed in this section suggest that significant solute as­
sociation occurs even in undersaturated solutions and this association increases with 




In 1980, Cussler [10] studied the diffusion process in concentrated, non-ideal 
systems and concluded that diffusion in such systems may take place not only through 
the motion of single molecules but also through the movement of groups of molecules 
or clusters. Moreover, it is the size of the diffusing clusters rather than the size of 
the diffusing solute that controls diffusion. He developed a diffusion model to allow 
for both cluster as well as molecular diffusion and found this to fit the experimental 
data much more closely than models based only on molecular diffusion. 
Myerson and his coworkers [7, 8, 9, 38, 50] examined a number of solutions, both 
electrolytes and non-electrolytes, to determine the diffusion coefficients in these solu­
tions. They studied undersaturated, saturated, and supersaturated solutions of urea, 
glycine, sodium chloride, and potassium chloride. They found that the diffusion co­
efficients decreased linearly with concentration up to saturation and then decreased 
drastically with increasing concentration in the supersaturated region. They pos­
tulated that this behavior is the result of molecular clustering in supersaturated 
solutions. 
These researchers also examined the effect of solution age on diffusivity and ob­
served that the diffusion coefficient decreased with the age of the solution: They also 
studied the behavior of viscosity in supersaturated solutions and observed that the 
slope of the viscosity vs. concentration curve increased sharply in the supersaturated 
region (as compared to the undersaturated region). 
The diffusion studies confirm that solute ordering or clustering exists in super­
saturated solutions and affects solution properties such as diffusion and viscosity. 
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Other Studies 
Narsimhan and Ruckenstein [39] proposed a kinetic theory model for nucleation 
in liquids which does not employ the concept of interfacial tension for small clusters 
but directly calculates the dissociation rates of clusters in terms of the interaction 
potential. They found that extremely high supersaturation ratios, greater than ten, 
must be achieved before clustering or nucleation can occur. Clearly, this is far in 
excess of supersaturation ratios normally experienced. The predicted nucleation rates 
exhibited a gradual increase at very low supersaturations, increased catastrophically 
at a critical supersaturation, and tapered off at high supersaturation. They also 
found the nucleation rates for spherical clusters to be about 10^° times larger than 
those predicted by the classical theory. 
Peters and Eggebrecht [40] re-examined the classical theory of homogeneous 
nucleation by studying the vapor-liquid phase transition of Lennard-Jones systems 
using statistical mechanics and computer simulation studies. They concluded that 
there is no thermodynamic barrier to nucleation. They found that cluster coalescence 
and not monomer addition is the rate determining mechanism of growth. They 
also found that the structure of the clusters is strongly dependent on the nature of 
intermolecular forces. 
No light scattering studies have been conducted to investigate the occurrence 
of solute clustering in concentrated and supersaturated solutions. Boni et al. [3] 
investigated Rayleigh and Brillouin scattering at the solid-liquid interface of an ice 
crystal growing into a molten zone. They found that if a critical growth velocity was 
exceeded, Rayleigh scattering occurred in the interface layer, which had a thickness 
between 1.4 and 6 /im and a density between water and ice (closer to that of water). 
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They found that the intensity of the scattered light depended on the heat flow from 
the liquid into the solid and on the growth velocity. 
Solubility of Ammonium Paramolybdate 
Complex molybdate species (with molybdenum oxidation states from II to VI) 
are known to exist in aqueous solutions. To clearly define molybdenum species and 
their behavior in aqueous solutions is a very difficult experimental problem. A number 
of researchers have studied the solubility of molybdates in solutions. 
Foote and Bradley [17] studied the NH3 — M0O3 — H2O system at 25 C and 
found that ammonium paramolybdate dissolved slowly in water yielding a more acid 
solid phase, so that it could be stable only in presence of excess NH3. They ob­
served the existence of two complex ammonium molybdates, the heptamolybdate or 
ammonium paramolybdate {Z{NHi^2MoOiiAMoOzAH20) and the octamolybdate 
[Z{NHi)2MoOi.hMoOzAH20). 
A veston et al. [2] studied the Raman spectra of crystalline ammonium paramoly­
bdate and ammonium octamolybdate salts and their aqueous solutions and found the 
characteristic peaks of the heptamolybdate at 934 cm~^ (solid) and 940 cm~^ (aque­
ous solution), and the octamolybdate at 963 cm~^ (solid) and 961 cm"^ (aqueous 
solution). 
Hallada [24] studied the NH3 — MoOa — H2O system between 0 and 75 C. At 
0 C he observed the presence of ammonium, paramolybdate and some unidentified 
solids. At 75 C he observed two different compounds, ammonium paramolybdate 
and ammonium dimolybdate {NHn)2Mo20i. 
Iskhakova et al. [26] studied the NHZ — M0O3 — H2O system at 25 C. Their 
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solubility isotherm consisted of four branches corresponding to the crystallization of 
the monomolybdate {{NHi)2MoOi), the dimolybdate {{NHi)2Mo20-r), the para-
molybdate {{NHji)6Moj024AH20), and the trimolybdate ( {NHi)2M0z0\Ql.2H20). 
They used x-ray diffraction techniques to identify the solid phases and developed an 
expression to describe the solubili ty isotherm in terms of the concentrations of M0O3 
and NH3. 
These results clearly demonstrate that characterizing the species in molybdenum 
solutions is an extremely difficult problem. No consistent results have been reported 
for ammonium paramolybdate solutions. It is known, however, that ammonium para-
molybdate solutions are extremely unstable, and can be stable only in the presence 
of excess ammonia. 
Schrader et al. [47] studied the Raman spectra of dilute (.005 M) Mo(VI) aqueous 
solution as a function of pH. They observed, that with decreasing pH, a significant 
shift of the 2 bands in the 830-965 cm~^ region occurred towards higher wavenumbers. 
It is known [28] that, in alkaline solutions, molybdenum (VI) forms the molyb-
date ion MoO^^, which is tetrahedral in solution. It is firmly established that 
MorO^i is the first polymer of any importance formed on the acidification of MoO^^. 
8JÎ+ -K IMoOl- = Mo-rOl; + AH2O (2.6) 
logK = 57.74 
Ammonium paramolybdate is obtained from these solutions. Its structure consists 
of seven MOOQ octahedra sharing edges (Figure 2.4). Further protonation of aque­
ous solutions results in higher polymeric species such as Mo^O^q along with other 
protonated species {HMojO^ii H2Moj024, and ffsMoyO^). The polymerization 
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process continues as more acid is added, but the higher polymers have not been 
characterized. 
Figure 2.4: Structure of paramolybdate ion [28] 
The Raman spectrum for crystalline ammonium paramolybdate shows a very 
strong molybdenum-terminal oxygen stretching frequency at 9.34 cm~^ whereas in 
solution this band, is slightly shifted to 940 cm"^. 
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CHAPTER 3. RESEARCH OBJECTIVES 
In both the production of crystals from supersaturated solutions as well as the 
deposition of catalytically active materials, the physical state of the solute in solution 
is closely related to the kinetics of phase change as well as to the structure and 
morphology of the crystallizing species. 
As discussed in the first two chapters, a number of studies have been conducted 
using different experimental techniques (concentration gradient, Raman, diffusion) to 
study the nature of solute clustering in concentrated and supersaturated solutions. It 
is clear from these studies that solute clustering occurs in solutions. Whereas Raman 
spectroscopy studies have shown evidence of clustering in undersaturated, saturated, 
and supersaturated solutions, concentration gradient studies have shown measurable 
gradients only in supersaturated solutions. 
It is important to understand how the nature of solute clustering and the size of 
the clusters is influenced by process conditions such as temperature, pH, concentra­
tion, supersaturation, presence of impurities, and the age of the solution and how, 
in turn, the clustering process affects the properties of the crystallizing species. This 
would lead to a better understanding of the kinetics of phase change in crystallization 
processes and thus to a better design of such processes. 
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The objectives of this research project are: 
1. Investigate the phenomenon of solute clustering in aqueous solutions of ammo­
nium paramolybdate using the following experimental techniques: 
• concentration gradient studies 
• laser Raman spectroscopy 
• multi-angle light scattering 
Ammonium paramolybdate is a good Raman scatterer, has a large molecular 
weight, and has been reported to polymerize in aqueous solutions even prior 
to saturation. These properties make it a good candidate for the experimental 
techniques used in this work. Ammonium paramolybdate is also important 
industrially, as it is used in the production of molybdenum catalysts. 
2. Develop light scattering techniques to investigate solute clustering in concen­
trated and supersaturated solutions. Also, develop light scattering techniques 
to conduct in situ column experiments. 
Multi-angle light scattering is a classical analytical technique to estimate molec­
ular weights and sizes. Although light scattering has been used extensively in 
the past to characterize species in dilute systems and thin suspensions, this 
technique has seldom been applied to concentrated and supersaturated bulk 
solutions. 
As part of this project, Wyatt Technology's light scattering instrument was 
acquired and a work station was designed with special light scattering sample-
cells. 
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3. Conduct light scattering experiments with aqueous solutions of different chem­
ical species. Since light scattering has seldom been used to investigate solute 
clustering in concentrated and supersaturated solutions, it is important to test 
this technique with a variety of solutions. 
4. Study the effects of supersaturation, pH, concentration, and solution-age on 
the degree of clustering in molybdate solutions. 
5. Estimate cluster-size using the method of Larson and Garside [33]. 
. 6. Estimate cluster-size using light scattering theory. 
7. Evaluate these results to develop a general model to explain the state of the 
solute in supersaturated aqueous solutions. 
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CHAPTER 4. EXPERIMENTAL PROCEDURE 
Supersaturated solutions are extremely sensitive to agitation, changes in tem­
perature, and presence of impurities and the difficulty in handling these solutions 
limits the kinds of analysis that can be used to characterize them. With supersatu­
rated solutions, vacuum conditions cannot be used. In situ experiments have to be 
conducted under controlled conditions to avoid nucleation. 
Three different experimental techniques were used to investigate solute cluster­
ing in aqueous solutions of ammonium paramolybdate. These were concentration 
gradient studies, laser Raman spectroscopy, and multi-angle light scattering. 
Apart from examining ammonium paramolybdate solutions, the scattering of 
light in aqueous solutions of citric acid, magnesium sulfate, aluminum potassium 
sulfate (potash alum), and sodium nitrate was also studied and gravity column ex­
periments using magnesium sulfate and citric acid solutions were conducted. 
This chapter is divided into four sections. The first section discusses the prepara­
tion of aqueous solutions of different chemical species. The last three sections discuss 
the three experimental techniques used for this work. 
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Preparation of Aqueous Solutions 
Saturated solutions were prepared by dissolving the solid species in water at a 
temperature higher than the desired saturation temperature and then allowing the 
solutions to cool down to the desired temperature where they were stirred in the 
presence of excess solid for 1-2 days. 
Ammonium Paramolybdate Solutions 
Foote and Bradley [17] observed that ammonium paramolybdate dissolved slowly 
in water yielding a more acid solid phase, such that it could be stable only in the 
presence of excess ammonia. Two kinds of solutions were used for this work: those 
prepared in the absence of excess ammonia and. those prepared in the presence of 
excess ammonia. 
For solutions prepared in the absence of excess ammonia, the stirring (or pro­
cessing) time of the solutions was varied from 4 hours to 2 days. In all cases, the 
solutions were extremely unstable and precipitation from solution occurred, with the 
amount of precipitation increasing with time. The pH of these solutions varied from 
5.8-6.4. 
For solutions prepared in the presence of excess ammonia, the amount of excess 
ammonia was varied. Also, the saturation temperature of these solutions was varied 
from 35 C to 43 C. In all cases, the solutions were stable and clear and the pH of 
these solutions varied from 6.6-7.3. 
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Other Solutions 
Saturated solutions of citric acid, magnesium sulfate, sodium nitrate, and potash 
alum were prepared by dissolving the solid species in water at a temperature higher 
than the desired saturation temperature and then allowing the solutions to cool down 
to the desired temperature where they were stirred in the presence of excess solid for 
1-2 days. All solutions were saturated at 35 C (unless otherwise stated). 
Laser Raman Spectroscopy Experiments 
Laser Raman spectroscopy is a form of vibrational spectroscopy, however the 
Raman effect is a light-scattering effect. When visible radiation is incident on a sam­
ple (a vibrating molecule), the radiation can be absorbed, reflected, transmitted, or 
scattered. According to quantum mechanics, the scattered radiation may be elasti-
cally or inelastically scattered: elastically scattered light (Rayleigh scattering) has 
the same frequency as the incident light while inelastically scattered light (Raman 
scattering) is shifted in frequency from the incident light. This change in frequency 
is a function of the identity of the vibrating molecule and its environment. These 
properties determine the position, shape, and intensity of the spectral peaks. 
Raman experiments were conducted only with ammonium paramolybdate so­
lutions. The Raman technique is an excellent technique to study these solutions, 
because ammonium' paramolybdate is a strong Raman scatterer whereas water is a 
poor Raman scatterer. Moreover, with the Raman technique, in situ experiments can 
be conducted. 
Raman spectroscopy was used to identify the molybdate species in solution and 
in the solid phase. It is known that Molybdenum (Mo) exhibits various degrees of 
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polymerization in solution. Among the species identified are MoO^^, MorO^i, and 
Mos026- Higher molecular weight species have been postulated up to MoigO^g 
though these have not been conclusively characterized. The most intense Raman 
bands for the solid species appear at the following wavenumbers: 934 cm~^ (M07OJ4®) 
and 963 cm~^ (MosO^e)- The characteristic peaks for the species in solution appear 
at the following wavenumbers: 897 cm~^ 940 cm"^ and 961 
cm~^ (MosO^e)- Presumably, these peaks would continue to move towards higher 
wavenumbers as the degree of polymerization or clustering is increased. 
Raman spectroscopy was also used to characterize solute clustering in ammo­
nium paramolybdate solutions by studying the Raman spectra of these solutions as 
a function of concentration and supersaturation. 
A sample cell similar to the one used by Rusli et al. [45] was used for the 
solutions. The solid samples were prepared in capillaries. 
The Raman spectrometer used for this work was a Spex Triplemate 1877 inter­
faced with a EG&G Princeton Applied Research Computer 1215. The laser source 
was a Spectra Physics Inc. 164-08 Argon-Ion laser with a wavelength of 514.5 nm. 
Concentration Gradient Experiments 
Column experiments similar to those described by Larson and his co-workers 
[33, 44] were conducted to investigate solute clustering in solutions of ammonium 
paramolybdate, magnesium sulfate, and citric acid. 
Jacketed glass columns, 40 cms in height and 4 cms in diameter were used for 
this study. The column temperature was controlled by circulating water from a bath 
through the jacket surrounding the column. Density measurements were carried out 
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with a Mettler/Paar DMA 55 Density Meter, which measures density to within 2 X 
10"® gm/cc. 
The objectives of these experiments were to investigate solute clustering in un-
dersaturated, saturated, and supersaturated solutions and to examine the effects of 
concentration, supersaturation, and solution-age on the size of the clusters. Equation 
2.5 was used to estimate the size of the clusters. 
Light Scattering Experiments 
Multiangle light scattering is the classical analytical technique for determining 
molecular weights and sizes as well as particle shapes, sizes, and distributions. 
Light scattering offers a number of advantages over other techniques for particle 
size analysis. In situ experiments can be performed and thus perturbation of the 
solute-solvent system can be avoided. This technique is also an absolute method 
in the sense that the data may be directly reduced without the need for secondary 
calibration experiments. All constants required to determine molecular weights are 
determined experimentally and not empirically, and no assumptions need to be made 
about molecules or their optical properties. 
Theory of Light Scattering^ 
In 1881, Rayleigh [41] developed the Rayleigh theory of scattering of light by 
small spheres. Rayleigh [41] and Debye [11] developed the Rayleigh-Debye scattering 
theory for particles of any shape and size. Einstein [16] took into account local density 
and concentration fluctuations in liquid-phase systems and developed the scattering 
^For details see the appendix 
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theory for pure liquids and solutions. 
For a Rayleigh-Debye scatterer, the Debye equation can be written as 
Kc 1 2Bc 
Re ~ MP { e )  •*" P { e )  ^  '  
In the limit of zero concentration and sufficiently low angles, substitution for P{9)  in 
the above expression gives 
= (4.2) 
Finally, in the limit of both zero angle and zero concentration 
= s 
The quantities K, c, and Rs are determined experimentally. Thus, M can be evaluated 
from Equation 4.3, B from the slope of KcjRe vs. c and a knowledge of M, and Rg 
can be evaluated from the slope of KcjRe vs. sin^(0/2) with the aid of Equation 4.2. 
Each of these objectives can be achieved with a Zimm plot in which KcjRe is plotted 
vs. sin^(0/2) + gc, where g is a parameter chosen to provide a convenient spread of 
the data. 
Light scattering techniques were developed to investigate solute clustering in 
concentrated and supersaturated solutions. Experimental techniques to conduct in 
situ column experiments were also developed. 
The light scattering behavior in undersaturated, saturated, and supersaturated 
solutions of ammonium paramolybdate, citric acid, magnesium sulfate, sodium ni­
trate, and potash alum was examined to study the effects of concentration, super-
saturation, pH, and solution-age on the degree of solute clustering in these solutions. 
In situ column experiments were conducted to examine the solution structure at the 
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bottom and top of the columns. The experimental set-up for these experiments is 
given in Figure 4.1. Finally, light scattering theory was used to estimate the size of 
solute clusters. 
Wyatt Technology's DAWN-B light scattering instrument was used for this 
study. This instrument contains fifteen detectors spanning the range from 23 degrees 
to 128 degrees. This instrument was interfaced with a Zenith 386-SX computer. The 
light source was a He-Ne laser with a wavelength of 632.8 nm. Refractive index mea­
surements were made with Wyatt Technology's Optilab differential refractometer. 
The temperature of the sample cell (or the column) was controlled by suspending 
it in a water circulated jacketed column. To make a measurement, the cell (or column) 
was lowered into the DAWNB sample chamber. Since each measurement took only 











Figure 4.1: Set-up for light scattering experiments 
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CHAPTER 5. RESULTS 
This chapter is divided into three sections. The first section discusses the devel­
opment of light scattering techniques to investigate solute clustering in supersaturated 
solutions. The second section discusses the clustering phenomenon in aqueous solu­
tions of ammonium paramolybdate. The final section presents a clustering model to 
explain how the solute exists in supersaturated solutions. 
Light Scattering in Concentrated and Supersaturated Solutions 
Multi-angle light scattering is the classical analytical technique for determining 
molecular weights and sizes. Although light scattering has been used extensively in 
particle size analysis in dilute systems and thin suspensions, it has seldom been used 
to investigate solute clustering in concentrated and supersaturated solutions. 
In the present work, the scattering of light was examined in aqueous solutions of 
ammonium paramolybdate, citric acid, magnesium sulfate, potash alum, and sodium 
nitrate. 
The intensity of scattered light (the Rayleigh Ratio^), adjusted for scattering due 
to pure solvent (water), was measured and is plotted as a function of the degree of 
undercooling (unless stated otherwise). The points on the plot are average values of 3 
^The Rayleigh Ratio is defined as the light scattered per unit volume per unit 
solid angle when the medium is illuminated with unit intensity of unpolarized light. 
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light scattering measurements made at each temperature setting, each being averaged 
over the 15 detectors. The measurements varied from the mean by approximately 
5%. 
The Intensity vs. Degree of Undercooling (I vs. DU) curve for ammonium 
paramolybdate solution, saturated at 35.5 C, is shown in Figure 5.1. The intensity of 
scattered light increased with the degree of undercooling, even in the undersaturated 
region, and there is a change in the slope of the curves at the saturation temperature 
(zero undercooling). This increase in the intensity of scattered light with undercooling 
is believed to be due to the occurrence of solute clustering in these solutions. 
For each curve, there are 3-4 data points, with 1-2 points in the supersaturated 
region. It was difficult to get more than 1-2 data points in the supersaturated region 
because of the occurrence of nucleation. Moreover, different samples exhibited dif­
ferent base scattering levels, so that data from more than one sample could not be 
combined. All the data points shown in this report are for single-phase solutions; no 
crystals were observed in these solutions either at the time of the measurements or 
subsequently. 
In order to confirm that the observed increase in light scattering with undercool­
ing was due to solute clustering and not merely a temperature effect, the scattering 
behavior of pure solvent (water) was studied. The Intensity vs. Temperature plots 
for ammonium paramolybdate solution and water are shown in Figure 5.2. While, for 
ammonium paramolybdate solution, the intensity of scattered light decreased with 
temperature, it remained the same for water over that temperature range. Thus, it 
is clear that the increase in light scattering as the solutions were undercooled results 
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Figure 5.1: Intensity of scattered light as a function of the degree of undercooling 
for ammonium paramolybdate solutions 
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Figure 5.2: Intensity of scattered light as a function of temperature for ammonium 
paramolybdate solution and water 
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The results of light scattering experiments in ammonium paramolybdate solu­
tions are consistent with column experiments conducted with these solutions (dis­
cussed in the next section). 
The I vs. DU plot for citric acid solution, saturated at 35.0 C, is shown in Figure 
5.3. The intensity stayed constant until the saturation temperature was reached and 
then increased sharply in the supersaturated region. This indication of clustering 
is consistent with the observations of Larson and Garside [33] who reported con­
centration gradients in vertical columns containing supersaturated solutions of citric 
acid. However, in this work, no measurable concentration gradients were observed in 
columns of citric acid. 
The I vs. DU plot for magnesium sulfate solution, saturated at 36.5 C, is shown 
in Figure 5.4. In the undersaturated region, the intensity of scattered light increased 
slightly with the degree of undercooling. The curves show a sharp change in the slope 
at saturation and the intensity of scattered light increased with supersaturation. This 
indication of clustering is again consistent with the results of column experiments 
which showed significant concentration gradients in undersaturated, saturated, and 
supersaturated solutions of magnesium sulfate. 
Sodium nitrate and aluminum potassium sulfate solutions (Figures 5.5 and 5.6) 
did not show any distinct behavior as they were cooled from an undersaturated to a 
supersaturated state. This suggests that clusters sufficiently large to cause an increase 
in light scattering were not formed. These results are not in agreement with column 
experiments conducted by Larson and Garside [33] where they observed concentra­
tion gradients to develop in supersaturated solutions of these chemical compounds. 
Perhaps, the solute clusters in these solutions were too small to be detected by this 
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Figure 5.3: Intensity of scattered light as a function of the degree of undercooling 
for citric acid solutions 
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Figure 5.4: Intensity of scattered light as a function of the degree of undercooling 
for magnésium sulfate solutions 
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experimental technique. 
Light scattering experiments were also conducted with in situ columns contain­
ing supersaturated ammonium paramolybdate solutions. These columns were sus­
pended in a water circulated jacketed column to control their temperature. To make 
a measurement, the columns were lowered into the DAWNB sample chamber. No 
significant differences in the intensity of scattered light were observed between the 
top and the bottom of the columns even though considerable concentration gradients 
existed in these solutions. 
The time interval between light scattering measurements at two different tem­
peratures was varied from 30 minutes to 24 hours. No significant differences were 
observed, suggesting that the age of the solutions did not influence the clustering 
phenomenon in these solutions. 
Light scattering theory can be used to estimate the size of solute clusters in 
concentrated and supersaturated solutions. To do so, the mass of the solute existing 
as clusters i.e., the concentration of the clusters needs to be known. By making 
certain assumptions about the cluster concentration, an average cluster size can be 
estimated. However, until the amount of the solute existing as clusters can be clearly 
defined, a definitive measurement of cluster size cannot be achieved. 
Summary 
In citric acid and magnesium sulfate solutions, there was a sharp increase in the 
intensity of scattered light at saturation, and the intensity increased with supersat­
uration. In ammonium paramolybdate solutions, there was an increase in intensity 
with undercooling even in the undersaturated region. In sodium nitrate and alu-
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Figure 5.5: Intensity of scattered light as a function of the degree of undercooling 
for sodium nitrate solutions 
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Figure 5.6: Intensity of scattered light as a function of the degree of undercooling 
for potash alum solutions 
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minum potassium sulfate solutions, there was no distinct change in intensity with 
supersaturation. 
The increase in intensity in the supersaturated region of magnesium sulfate, cit­
ric acid, and ammonium paramolybdate solutions indicates the formation of large 
entities as these solutions became supersaturated. Moreover, this clearly was not a 
temperature effect unrelated to solute clustering, because the Intensity vs. Tempera­
ture curves for pure solvents such as water (Figure 5.2) and toluene (not shown here) 
showed no change in intensity with temperature. Hence, the observed effect was due 
to the occurrence of solute clustering in these solutions. 
As the level of supersaturation increases in a solution, the size of solute clusters 
in these solutions increases, as some clusters grow at the expense of other clusters 
and lower-ordered species [33]. The observed increase in the intensity of scattered 
light is probably due to a combination of two phenomena: (1) an increase in the size 
of some clusters and (2) an increase in the amount of solute existing as clusters. 
It has been demonstrated that light scattering is a useful technique to investigate 
the phenomenon of solute clustering in concentrated and supersaturated solutions. 
However, in order to estimate cluster-size, it is necessary to know the mass of the 
solute that exists as clusters. Therefore, until the amount of solute that exists as 
clusters can be clearly defined, a realistic estimate of cluster size cannot be achieved. 
Solute Clustering in Solutions of Ammonium Paramolybdate 
Ammonium paramolybdate is an important precursor used in the production 
of industrially-important molybdenum catalysts. It is well established that both in 
the production of crystals from solution as well as in the deposition of catalytically 
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active materials, the physical state of the solute in solution is closely related to the 
kinetics of phase change as well as to the properties of the crystallizing species. 
Hence, an improved understanding of the clustering phenomenon in molybdenum 
solutions would lead to improved preparation techniques for molybdenum catalysts 
with desired properties. 
The phenomenon of solute clustering in solutions of ammonium paramolybdate 
has been investigated using the following experimental techniques: laser Raman spec­
troscopy, concentration gradient studies, and multi-angle light scattering. The results 
from each of these techniques are discussed individually in the first three parts of this 
section. The last part presents an analysis of all the results. 
Laser Raman Spectroscopy Experiments 
Laser Raman spectroscopy was used to characterize the molybdate species in 
solution and the solid phase, and to characterize solute clustering in molybdate so­
lutions. The Raman spectrum of commercial crystalline ammonium paramolybdate 
(Figure 5.7) shows a strong molybdenum-terminal oxygen stretching frequency at 936 
cm~^ and the presence of a doublet at 892 cm~^ and 882 cm"^. 
For saturated solutions of ammonium paramolybdate prepared in the absence of 
excess ammonia, the stirring (or processing) time of the solutions was varied from 4 
hours to 2 days. In all cases, these solutions were extremely unstable and precipitation 
from solution occurred with the amount of precipitation increasing with time. 
The Raman spectrum of the precipitate in equilibrium with these solutions shows 
a number of peaks in the 840-950 cm~^ region and is plotted with the spectrum of 
crystalline ammonium paramolybdate in Figure 5.8. In the lower wavenumber region 
1000 900 800 700 
Wavenumber, cm-i 
Figure 5.7: Raman spectrum of crystalline ammonium paramolybdate 
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(Figure 5.9), the precipitate showed a strong band at 706 cm~^ which is absent in the 
spectrum of crystalline ammonium paramolybdate. The band at 362 cm~^ matches 
that for crystalline ammonium paramolybdate whereas the band at 224 cm~^ has 
moved to 209 cm~^. 
In order to characterize the different phases present in the precipitate, the x-ray 
diffraction pattern of the precipitated species was obtained and is shown in Figure 
5.10. On comparison with reported results [26, 15], the solid species was identified as 
a mixture of two molybdates: {NH/i)2M(ammonium trimolybdate) and 
{NH^QMoy02iAH20 (ammonium paramolybdate). These two phases correspond to 
two branches of the solubility isotherm developed by Iskhakova [26] for the NH^ — 
MoOz — H2O system. 
The Raman spectra of the solution in equilibrium with the precipitated species 
are shown in Figures 5.11 and 5.12. The solution spectrum has a sharp peak at 
941 cm~^ (corresponding to the paramolybdate ion, Mo^O^i) and a less intense 
peak at 899 cm~^ (corresponding to the molyb date ion, MoO^^). These values are 
consistent with those reported for ammonium paramolybdate solutions [2]. In the 
lower wavenumber region (Figure 5.12), the liquid spectrum shows significant bands 
at 358 cm~^ and 224 cm~^ and shows similarities with the solid-phase spectrum. 
For solutions prepared in the presence of excess ammonia, the amount of am­
monia added to these solutions was varied. In all cases, the Raman spectra of the 
solid species in equilibrium with these solutions resembled the spectrum of crystalline 
ammonium paramolybdate. 
The Raman spectra of the solutions, however, varied with the amount of am­
monia added i.e., with the pH of these solutions. The effect of pH on ammonium 
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Figure 5.9: Raman spectra of precipitate and crystalline ammonium paramolybdate 
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Figure 5.12: Raman spectra of molybdate solution and precipitate 
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paramolybdate solutions is shown in Figure 5.13. As the pH of the solution was 
decreased, the intensity of the Raman band at 941 cm~^ (corresponding to the para­
molybdate ion, MorO^i) increased while the relative intensity of the band at 899 
cm~^ (corresponding to the molybdate ion, MoO^^) decreased. At the same time, 
the bands at 212 cm~^ and 315 cm~^ moved to higher wavenumbers. Thus, at low 
pH, the paramolybdate species was dominant, whereas at high pH, the molybdate 
species was dominant. This behavior is consistent with the results of Murata and 
Ikeda [37]. Hence, the dominant species in solution can be controlled by adjusting 
the pH of the solution. 
The Raman spectra (in the lower wavenumber region) of crystalline ammonium 
paramolybdate and ammonium paramolybdate solution are compared in Figure 5.14. 
The solution exhibits significant bands at 212 cm~^ and 315 cm~^ but does not 
show any bands below 150 cm~^ (where bands corresponding to the presence of 
lattice phonons can be expected). However, because of the low resolution of the 
Raman spectra, a definite conclusion cannot be made about the absence or presence 
of spectral bands due to lattice phonons in ammonium paramolybdate solutions. 
The Raman spectra of the molybdate solutions were also studied as a function 
of supersaturation. No significant changes in the shape and the position of the Ra­
man peaks were observed as supersaturation was increased. This suggests that no 
significant changes in solution structure occurred in these solutions and that no new 
species were formed as the supersaturation was increased. 
For both types of solutions, those prepared without excess ammonia and those 
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Figure 5.13: Effect of pH on ammonium paramolybdate solutions 
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Figure 5.14: Raman spectra of ammonium paramolybclate salt and solution 
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Concentration Gradient Experiments 
Column experiments similar to those described by Larson and his co-workers 
[33, 43] were used to investigate clustering in undersaturated, saturated, and super­
saturated solutions of ammonium paramolybdate. 
In all cases, 24 hours were found to be sufficient time for concentration gradients 
to form in these solutions, though, at times, substantial gradients were observed 
in only 4-5 hours. No significant changes in the gradients were observed when the 
solutions were allowed to stand for a period of more than one day. This suggests that 
the age of a solution does not influence solute clustering in the solution. 
The density and the concentration differences between the bottom and the top 
of the column (the two extreme sampling ports are located about 36 cms apart) are 
shown in Figure 5.15 as a function of the degree of undercooling. Significant concen­
tration gradients were found to exist even in undersaturated regions, however, there 
is considerable scatter in the data. In the supersaturated region, the concentration 
differences were found to increase uniformly with the degree of undercooling and 
differences as large as 6.0 X 10~® were observed at higher levels of supersaturation. 
The number of molecules in a cluster was estimated using Equation 5.1 and is 
plotted in Figure 5.16 as a function of the degree of undercooling. 
Since this equation was defined for use only for concentrations above saturation, 
the number of molecules in a cluster could not be estimated for undersaturated and 
saturated solutions. The calculated number of molecules in a cluster was the largest 





























X * x  
X * X 
K X X 
X 3KK X 
X 
I I JIL 
X X 
X ^ ^  
X 
' ' I I I I  • ' I I I I I I 
-20 -15 -10 -5 0 


















Figure 5.15: Density and concentration differences as a function of the degree of 
undercooling 
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increased. When the solutions were undercooled more than 3 °C, the number of 
molecules calculated remained almost constant with a value of 35-40. 
Assuming that the clusters have the same density as the solid phase, their equiv­
alent spherical diameter was calculated and is shown in Figure 5.17 as a function of 
the degree of undercooling. The largest clusters existed very close to saturation with 
estimated sizes of about 8 nm. The calculated cluster size decreased to a value of 
about 3.5-4.0 nm below 3 °C of undercooling. 
This apparent decrease in cluster size with an increase in supersaturation is 
contrary to what would be expected in supersaturated solutions. The size of solute 
clusters in solution would be expected to increase with an increase in supersaturation 
(as predicted by the classical theory of homogeneous nucleation). There are two 
reasons for this improbable result. First, in using Equation 5.1 to estimate the 
cluster size, it was assumed that the clusters have the same density as that of the solid 
phase. However, it would be expected that the clusters would not have a crystalline 
structure and because of their solvated nature, would have a density less than that of 
the solid phase, in which case, the actual size of these clusters would be much larger 
than the calculated size. Secondly, Equation 5.1 assumes that all supersaturation 
and only supersaturation exists as clusters. If it is assumed that only a portion of 
this supersaturation exists as clusters then the analysis would predict larger clusters. 
Moreover, it was observed that solute clustering occurred even in undersaturated 
molybdate solutions. Hence, while Equation 5.1 has a good theoretical basis, it 
cannot be expected to accurately predict cluster-sizes without additional knowledge 
about the solution. The information needed, namely cluster density and cluster 
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Figure 5.17: Cluster-size as a function of the degree of undercooling 
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available. 
Column experiments were also conducted with ammonium paramolybdate solu­
tions saturated at different temperatures. It was observed that at higher saturation 
temperatures (i.e., at higher concentrations) the magnitude of the concentration gra­
dients in the columns was smaller. 
Light Scattering Experiments 
The Intensity vs. Degree of Undercooling curve for ammonium paramolybdate 
solution, saturated at 35.5 C, is shown in Figure 5.1. The intensity of scattered light 
increased with the degree of undercooling even in the undersaturated region, and there 
was a significant change in the slope of the curves at the saturation temperature (zero 
undercooling). This increase in the intensity of scattered light with undercooling is 
believed to be due to the occurrence of solute clustering in these solutions. 
The effect of concentration on scattering in ammonium paramolybdate solutions 
is shown in Figure 5.18. Curve 1 is the plot of Intensity vs. Temperature for a 
solution saturated at 35.5 C (concentration = 0.42 gm/cc). Curves 2 and 3 show 
scattering for less concentrated solutions (0.31 gm/cc and 0.21 gm/cc respectively). 
As the intensity of scattered light depends on the number and size of solute particles 
in solution. Curve 1 shows more scattering than Curve 2 which in turn shows more 
scattering than Curve 3. 
The Intensity vs. Temperature plot is shown in Figure 5.19 for ammonium 
paramolybdate solutions saturated at 35.0, 39.0, and 43.3 C. In all cases, the intensity 
increased with a decrease in temperature (i.e., an increase in supersaturation) and all 
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Figure 5.18: E/Téct of concentration on light scattering in ainnioniuni paraniolyb-
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(Ts = 43.3 C) scattered the most light, with the least concentrated solution (Ts = 
35.0 C) scattering the least. 
Light scattering theory was used to estimate the size of solute clusters present 
in molybdate solutions (see the appendix for details). In order to construct a Zimm 
plot to estimate the size of the clusters, the amount of the solute existing as clusters 
i.e., the concentration of the clusters, needs to be known. To get an estimate of the 
concentration of clusters, it was assumed that clustering occurs only in supersatu­
rated solutions and that all supersaturation exists as clusters. Then the solubility of 
ammonium paramolybdate in water at different temperatures was used to estimate 
an average change in concentration per unit change in temperature. It was assumed 
that the concentration of the clusters at the saturation temperature was zero and us­
ing the above estimate, an equivalent concentration of the clusters was estimated at 
different degrees of undercooling. These values were then used to construct a Zimm 
plot (shown in Figure 5.20) to estimate cluster size. (For details about a Zimm plot, 
see the appendix.) 
Clusters of size 142 nm were estimated for ammonium paramolybdate solutions. 
This approach assumes that the size of the clusters remains constant with increasing 
supersaturation and that the observed increase in intensity of scattered light is only 
due to an increase in the number of clusters. Thus, this approach gives an average 
cluster size which does not change with supersaturation. Although this is only an 
average size, it is stiU an important indicator of the size of the clusters that exist 
in supersaturated solutions and should be used in conjunction with the results of 
column experiments to obtain a range of cluster sizes that can exist in these solutions. 
Until the amount of the solute existing as clusters can be clearly defined, a definitive 
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measurement of cluster size cannot be achieved. 
The time interval between measurements at two different temperatures was var­
ied from 45 minutes to 24 hours. No appreciable differences were observed, suggesting 
that the age of a solution does not influence the degree of clustering in the solution. 
In situ light scattering experiments were also conducted with vertical columns 
containing supersaturated solutions of ammonium paramolybdate. No significant 
differences in intensity were observed between the bottom and the top of the columns, 
even though considerable concentration gradients existed in these solutions. This is 
not unexpected, since the concentration gradients were small compared to the total 
supersaturation and could not be detected by light scattering. 
Analysis of Results 
Ammonium paramolybdate solutions are extremely unstable and can be stable 
only in the presence of excess ammonia. In the absence of excess ammonia (pH < 
6.4), large scale precipitation from solution occurred, and the amount of precipita­
tion increased with time. Using x-ray diffraction techniques, the precipitated species 
was identified as a mixture of crystalline ammonium trimolybdate and ammonium 
paramolybdate. These two compounds correspond to two branches of the solubil­
ity isotherm developed by Iskhakova [26] for the M0O3 — NH3 — H^O system. In 
the presence of excess ammonia (pH > 6.6), the aqueous solutions were clear and 
stable, and the solid in equilibrium with these solutions was crystalline ammonium 
paramolybdate. 
The liquid in equilibrium with the solid species in ammonium paramolybdate 
solutions was comprised of two principal species: the molybdate (M0O4 ^) &nd the 
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paramolybdate (MorO^i)- The pH of the solution determined which of these species 
was dominant. At low pH, the paramolybdate species was dominant in solution, 
whereas at high pH, the molybdate species was dominant. Thus, by adjusting the 
pH of the solution, the relative amounts of the molybdate and the paramolybdate 
species in solution can be controlled. 
Concentration gradient and light scattering experiments showed that solute clus­
tering occurs in undersaturated, saturated, and supersaturated solutions of ammo­
nium paramolybdate. The amount of clustering increases with supersaturation and 
the rate of increase in clustering increases at the saturation temperature. 
Raman spectroscopy analysis showed that, for molybdate solutions, no signifi­
cant changes in the shape and the position of the Raman band peaks were observed 
when supersaturation was increased. This suggests that the growing clusters consist 
of the same species and that no new species were formed in these solutions. This 
is contrary to the results of Rusli [42] who observed, that in undersaturated sodium 
nitrate solutions, with increasing concentration, the Raman bands moved towards 
the higher wavenumber region (i.e., towards the solid phase spectra). Above satura­
tion, this behavior was reversed and the bands moved towards the lower wavenumber 
region (i.e., away from the solid-phase spectra) as the supersaturation was increased. 
This suggests that in sodium nitrate solutions there was a definite change in the 
degree of solute-solute and/or solute-solvent association at saturation. 
Column experiments showed that significant concentration gradients developed 
even in undersaturated molybdate solutions. This observation is not consistent with 
the results of previous studies of other systems [33, 44] where no concentration differ­
ences were observed in undersaturated solutions. One reason for this could be that 
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ammonium paramolybdate (used in this work) has a higher molecular weight than 
sodium nitrate, potassium nitrate, and citric acid (which have been studied in the 
past) and this could have some affect on the magnitude of the concentration gradients 
that formed in these solutions. For example, in the supersaturated region of solutions 
(where concentration gradients were observed for all systems), the maximum density 
differences found in previous studies [44] were about 5.0 X 10"^ gm/cc as compared 
to 58.0 X 10""^ gm/cc observed in this study. Possibly, the concentration gradients 
present in undersaturated solutions of the other systems [33, 44] were too small to 
be rneasured. 
Column experiments also showed that there is a definite relationship between 
the magnitude of the concentration gradients and the level of supersaturation; the 
concentration gradients increased uniformly as the supersaturation was increased. 
This increase in concentration differences with supersaturation seems to be somewhat 
contrary to the observations made by Hussman et al. [25] from Raman spectroscopy 
experiments. They concluded that no increase in clustering occurred as the saturation 
concentration was exceeded, whereas Rusli et al. [45] observed that only some of the 
clusters seemed to undergo an increase in the degree of clustering. This discrepancy 
could be due to the very nature of Raman spectroscopy which would show a decrease 
in the intensity of light scattered if two clusters coalesced to form a larger cluster 
which would have a smaller surface area than the total surface area of the coalescing 
clusters. However, as the present study shows, there is a definite increase in clustering 
(as indicated by the increase in concentration differences) with supersaturation. This 
is also supported by the results of light scattering experiments. 
Clusters as large as 12 nm were estimated using Equation 5.1. In developing 
71 
Equation 5.1, Larson and Garside [33] assumed that all the solute in excess of the 
saturation concentration (and only this solute) existed as clusters. This apparently is 
not a valid assumption since clustering has been observed even in undersaturated so­
lutions. Hence, while Equation 5.1 has a good theoretical basis, it cannot be expected 
to accurately predict cluster-size without additional knowledge about the solution. 
The information needed, namely cluster density and cluster mass concentration, could 
not be obtained with the analytical techniques currently available. 
Using light scattering theory, solute clusters of size 142 nm were estimated in am­
monium paramolybdate solutions. This number is much larger than that calculated 
from column experiments (12 nm). There are two reasons for this large difference 
between the estimated values. First, in using Equation 5.1 to estimate the cluster 
size, it was assumed that the clusters have the same density as that of the solid phase. 
This is probably not justified, as the solute clusters, because of their solvated nature, 
would have a density less than that of the solid phase, in which case, the actual size 
of these clusters would be much larger than the calculated size. Secondly, Equation 
5.1 assumes that all supersaturation and only supersaturation exists as clusters. If it 
is assumed that only a portion of this supersaturation exists as clusters then the anal­
ysis would predict larger clusters. However, both these estimated values of cluster 
size are important as they indicate a range of cluster sizes that can exist in solution. 
The density of the solute clusters is expected to be less than that of the crystalline 
solid because it is expected that the clusters are solvated to a certain degree. The 
degree of solvation of solute clusters would also affect the size and molecular weight 
of these clusters. 
If one assumes that the specific volume of the clusters is 2.2 times greater than 
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that of the crystalline solid, Equation 5.1 would predict cluster sizes equal to those 
estimated using light scattering theory (142 nm). Assuming that the clusters and 
the crystalline solid have the same molecular weight, the density of the clusters (1.29 
gm/cc) would have to be smaller (by a fraction of 2.2) than that of the solid phase (2.8 
gm/cc) in order to get cluster sizes of 142 nm. (The density of the molybdate solutions 
is 1.28 gm/cc). It is not likely, however, that measurable concentration differences 
would occur with only a 0.01 gm/cc density difference between the clusters and the 
solution. Clearly, the cluster size must be smaller than 142 nm. 
Assuming that only a small fraction of the supersaturation exists as clusters does 
not significantly change the cluster sizes estimated from column experiments. 
From the above discussion it is obvious that neither column experiments nor 
light scattering techniques can provide a realistic estimate of cluster size. Until the 
amount of solute existing as clusters can be clearly defined, a definitive measurement 
of cluster size cannot be achieved. 
From concentration gradient and light scattering experiments, it was observed 
that the age of the molybdate solutions has no significant effect on the degree of 
clustering in these solutions. No significant differences in light scattering were ob­
served between the top and the bottom of the gravity columns containing ammonium 
paramolybdate solutions, even though considerable concentration gradients existed 
in these solutions. 
A Clustering Model 
This research project has shown that solute clustering occurs in undersaturated, 
saturated, and supersaturated solutions of ammonium paramolybdate. The age of 
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these solutions does not affect the degree of clustering in these solutions. The size of 
solute clusters increases with supersaturation and the degree of clustering increases 
at the saturation temperature. 
It is well established that the degree of structuring or clustering in concen­
trated and supersaturated solutions is closely related to the kinetics of nucleation and 
growth. In a discussion of nucleation in liquids and solutions, Walton [54] pointed 
out that most structural theories of liquids assume the presence of 'areas of ordered 
structure' in solution (at least for a transient period) and these ordered regions may 
be regarded as possible precursors to the development of phase transition. On the 
other hand, nucleation studies have revealed that liquids which might be expected to 
be relatively ordered (such as water) can still withstand high degrees of undercooling 
without undergoing phase change. 
An interesting example of the effect of structure on the degree of undercool­
ing which a liquid can sustain before changing phase is that of cholesteryl esters [54]. 
These esters form extensive ordered structures above the normal melting point (liquid 
crystals); yet they undergo considerable undercooling even in bulk before solidifying. 
Thus, it is possible, that the formation of ordered species in solution does not nec­
essarily favor nucleation. In some cases, the structures in the liquid phase may not 
be similar to the lattice arrangement in the solid crystal, and consequently the order 
has to be unraveled and then reconstituted before nucleation. (Chalmers [6] stated 
that clusters of all possible crystal structures can exist in solution even if their free 
energy is greater than that of the liquid.) In other solutions, it is more likely the 
competition between clusters for the remaining monomers that inhibits nucleation. 
Clearly, a knowledge of the nature of solute-solvent interactions in supersaturated 
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solutions is necessary for a full understanding of nucleation and growth. 
Peters and Eggebrecht [40] re-examined the classical theory of homogeneous 
nucleation by studying the vapor-liquid phase transition of Lennard-Jones systems 
using statistical mechanics and computer simulation studies. They concluded that 
there is no thermodynamic barrier to nucleation and that it is cluster coalescence and 
not monomer addition which is the rate determining mechanism of growth. They 
also found that the structure of the clusters is strongly dependent on the nature of 
intermolecular forces. 
Chalmers [6] stated that the structure of a solution can be considered as one in 
which each atom is part of a randomly oriented crystal-like cluster with some free 
space between clusters and with some clusters sharing atoms. He also stated that 
some of the clusters might have a 'solid-like' structure. Eggebrecht and Ozler [14] 
simulated a supersaturated aqueous solution and obtained clusters that contained 
portions which had the coordination of the solid state and portions which did not. 
Rusli [42] observed that the Raman spectra of concentrated and supersaturated 
sodium nitrate solutions (containing solute clusters) was similar to that of molten 
sodium nitrate. This suggests that the structure of the solution was similar to that 
of the melt-phase. 
A collection of data on the nucleation of alkali halide melts [54] shows that 
these melts can exhibit sub coolings of well over 150 C before nucleation occurs. 
Garten and Head [20, 21] showed that strongly supersaturated alkali halide solutions 
(particularly sodium chloride solutions), emit light quanta at or about the time of 
nucleation if trace impurities (such as lead ions) are present. This result can be 
interpreted as representing a collapse of a disordered quasi-liquid like nucleus into 
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crystalline form. Calculations based on the crystalloluminescent phenomenon showed 
the nucleus prior to collapse to have a radius of 20-50 A radius. Nucleation at low 
degrees of supersaturation did not yield any emission of light quanta. This indicates 
that the substrate initiating heterogeneous nucleation holds the cluster in a quasi-
crystalline array. 
Turnbull and Cech [52] demonstrated that when a sample of a metal was sub­
divided into a large number of very small drops (10-100 microns) - most of these 
drops could be undercooled by 250-300 C. They concluded, that for any species, the 
limiting undercooling is that which leads to homogeneous nucleation. 
The above observations, along with the results of this work, suggest the pres­
ence of large amorphous or 'melt-like' partially solvated clusters in concentrated and 
supersaturated solutions. These clusters do not have a crystalline structure. The 
solute clusters have a degree of integrity contrary to the classical theory of nucleation 
which assumes that solute clusters are constantly forming and dispersing and as a 
consequence have a very short life. As supersaturation increases in a solution, some 
clusters grow at the expense of other clusters and monomers. An exchange of solute 
probably takes place continuously between individual clusters and between the clus­
ters and the solution and occurs at the surface of the clusters. In some cases, the 
solute clusters can be much larger than the critical nucleus predicted by the classical 
theory. 
The phenomenon of nucleation from solution (at least in solutions of high solubil­
ities) can be regarded as a two-step process. Large solute clusters in solution, having 
the character of the solute melt, would nucleate in their interior in a manner similar 
to the crystallization of melts. These melt-like clusters, because of their smaller size 
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and their solvated nature, could exhibit even higher 'undercoolings' than the melt-
phase. Once the cluster nucleates in its interior, rapid crystallization of the cluster 
would result because of its high supersaturation relative to the molten state. This 
would explain the sudden appearance of crystals of sizes in the tens of microns [42]. 
The appearance of the solid phase (the second step) is the event normally regarded 
as nucleation from solution. The rapid growth of the solid state in the cluster would 
be expected to give rise to severely strained micro-crystals which would then exhibit 
the strain-induced growth dispersion reported by Sherwood et al. [49]. 
The presence of large metastable clusters in concentrated and supersaturated 
solutions would also explain the phenomenon of massive instantaneous nucleation 
that occurs in these solutions upon the onset of agitation. If it is assumed that a 
supersaturated solution contains a population of large metastable clusters, then the 
clusters would have a small diffusivity [7, 8, 9, 10, 38, 50] and the probability of 
clusters coalescing to form larger clusters would be fairly low. When these solutions 
are agitated, the shear planes produced due to the agitation process would increase 
the probability of clusters coalescing to form larger clusters of critical size. Solutions 
with high supersaturation would contain larger clusters, making such solutions more 
subject to nucleation upon agitation. 
It must also be expected that solute clusters play an important role in crystal 
growth. It can be expected that it is the clusters that are the species diffusing to the 
surface of a growing crystal where they accumulate in a random orientation at the 
surface. This would result in a substantial solute layer needing to reorder itself and to 
expel the remaining solvent in order to fit into the crystal lattice. Mechanical contact 
of the surface would then produce partially solvated clusters as well as microfracture 
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pieces in large numbers. Nuclei from both these sources would be expected to contain 
different degrees of strains and dislocations and would thus exhibit growth dispersion. 
Thus, this solute layer at the surface of a growing crystal would be the major source 
of secondary nuclei produced by crystal-crystal or crystal-apparatus contact. 
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CHAPTER 6. CONCLUSIONS 
1. Ammonium paramolybdate solutions are extremely unstable and can be stable 
only in the presence of excess ammonia. In the absence of excess ammonia, 
precipitation from solution occurred. The precipitated species was identified as 
a mixture of ammonium paramolybdate and ammonium trimolybdate. Ammo­
nium paramolybdate solutions consist of two principal species: the molybdate 
{MoO^^) and the paramolybdate By adjusting the pH of the so­
lution, the relative amounts of the molybdate and the paramolybdate species 
can be controlled. 
2. Column experiments and light scattering analysis have confirmed that solute 
clustering occurs in undersaturated, saturated, and supersaturated solutions of 
ammonium paramolybdate. These experimental techniques have also shown 
that the size of solute clusters increases with supersaturation and that the 
degree of clustering increases at the saturation temperature. The age of the 
solutions does not affect the degree of clustering in these solutions. The solute 
clusters are not expected to have a crystalline structure. Clusters of size 12 nm 
(using column experiments) and 142 nm (using light scattering experiments) 
were estimated in molybdate solutions. However, until the amount of solute 
existing as clusters can be clearly defined, a definitive measurement of cluster-
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size cannot be achieved. 
3. The phenomenon of nucleation from solution can be regarded as a two-step 
process. In the first step, large solute clusters in solution would nucleate in 
their interior. This would be followed by the rapid crystallization of the whole 
cluster because of its high supersaturation relative to the molten state (the 
second step). 
4. Light scattering techniques have been developed to investigate the phenomenon 
of solute clustering in concentrated and supersaturated solutions. It has been 
demonstrated that light scattering is a useful technique to investigate the oc­
currence of solute clustering in these solutions. 
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CHAPTER 7. RECOMMENDATIONS FOR FUTURE WORK 
1. Develop analytical techniques to estimate the amount of solute that exists as 
clusters in concentrated and supersaturated solutions. A knowledge of cluster 
density and cluster concentration is essential to accurately predict cluster sizes 
in these solutions. 
2. Develop additional experimental techniques to investigate the phenomenon of 
solute clustering in concentrated and supersaturated solutions and to investi­
gate the structure of these solutions. 
3. Develop a thermodynamic model consistent with the clustering model proposed 
in this work. 
4. Study the effect of solution conditions (such as supersaturation, pH, concen­
tration, and impurities) on nucleation and crystal growth and correlate these 
results with the effect of the solution conditions on the clustering phenomenon 
in these solutions. 
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APPENDIX THEORY OF LIGHT SCATTERING 
In 1881, Rayleigh [41] developed the Rayleigh theory of scattering of light by 
small spheres. Rayleigh [41] and Debye [11] developed the Rayleigh-Debye scattering 
theory for particles of any shape and size. 
Rayleigh-Debye scattering assumes that a particle of an arbitrary shape can be 
subdivided into volume elements each of which behaves as a Rayleigh scatterer. The 
intensity of light scattered by a particle [29] at a distance r from it is given by 
where V is the particle volume, m is the refractive index, A is the wavelength of light, 
9 is the scattering angle, and P{0) is the form factor. The form factor represents the 
modification of the intensity due to the finite size of the particle and its deviation 
from sphericity. 
A number of special techniques have been developed for the Rayleigh-Debye 
theory to determine the particle size. Guinier [23] has shown that for small scattering 
angles, the radius of gyration of a particle, Rg, is related to the form factor as 
I = { (A.l) 
(A.2) 
where 
h = — sin(0/2) 
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Rg can be defined in terms of an assembly of mass elements m,-, each located at 
a distance sj from the center of mass of the particle as 
Thus, Rg can be obtained by plotting P { 9 )  vs. sin^(0/2) and calculating Rg from 
the initial slope according to 
o \2 
Rl = (A.4) 
The value of P { 9 )  can be determined from the scattering intensity if the number 
of particles in the scattering region and the particle volume are known. Otherwise, 
a treatment based on concentration fluctuations can be used to calculate Rg and the 
molecular weight of the particles. In this case it is necessary to know the concentration 
of the dispersed phase and the differential refractive index. 
In Einstein's fluctuation theory [16] the additional scattering from a solution as 
compared to a solvent is considered due to spontaneous fluctuations in concentration. 
The turbidity (defined as the total energy scattered by a unit volume of the scattering 
medium per unit incident intensity) arising from these concentration fluctuations is 
given by 
where 
Z2-K^n'^ fdn ^ 2 
V  is the partial molar volume of the solvent, ii = { d G f d n )T,p is the Gibbs chemical 
potential of the solvent, Aq is the wavelength of light in vacuum, n is the refractive 
index of the solution, R is the universal gas constant, NA is Avogadro's number, c is 
the concentration in gm/cc, and T is the temperature. 
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Debye [12, 13] developed Equation A.5 to determine the molecular weight of the 
solute. The chemical potential of the solvent (/x) is related to the osmotic pressure tt 
as 
fi — fi° = —ttV (A.6) 
Also 
ttF =  R T V c { l / M  +  B e  +  C c ^  + ...) (A.7) 
where M is the molecular weight, and B,C,... are the virial coefficients. Combining 
Equations A.5, A.6, and A.7 and neglecting the higher order terms in the above series 
leads to the Debye equation 
HCIT =  { l l M )  +  2 B c  (A.8) 
This can also be written as 
f = (A.9) 
where 
Re is the Rayleigh ratio for unpolarized incident light at the scattering angle 9 and 
is given by 
For a Rayleigh-Debye scatterer the form factor P { 6 )  is introduced 
%c 1 25c ,, 
R e  ~  M P { 9 )  ^  P { 9 )  ^  ^  
In the limit of zero concentration and sufficiently low angles. Equation A.2 can be 
used to substitute for P{0) in the above expression 
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In the limit of zero angle where P { 6 )  = 1, Equation A.10 leads to Equation A.9. 
Finally in the limit of both zero angle and zero concentration 
i-h 
The quantities if, c, and R g  are determined experimentally. Thus M can be evaluated 
from Equation A.12, B from the slope of KcjRe vs. c using Equation A.9 and the 
knowledge of M, and Rg can be evaluated from the slope of KcjRe vs. sin^(0/2) with 
the aid of Equation A.11. Each of these objectives can be achieved with a Zimm 
plot in which KcjRg is plotted vs. sin^(0/2) + gc where g is a parameter chosen to 
provide a convenient spread of the data. 
To estimate the size of particles in a solution the following parameters need to 
be specified: 
• refractive index of the solvent. 
• change in refractive index of the solution with concentration. 
• concentration of the solution. 
To estimate the size of clusters in concentrated solutions, the first two parameters can 
be measured. However, the amount of solute existing as clusters i.e., the concentration 
of the clusters is not known. 
To get an estimate for the concentration of clusters, it was assumed that cluster­
ing occurs only in supersaturated solutions. Then the solubility of a salt in water at 
different temperatures was used to estimate an average change in concentration per 
unit change in temperature. It was assumed that the concentration of the clusters at 
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the saturation temperature was zero and using the above estimate, an equivalent con­
centration of the clusters was estimated at different degrees of undercooling. These 
values were then used to construct Zimm plots and estimate cluster-size. 

